Increasing the resilience of ecological and sociological systems has been proposed as an option to adapt to changing future climatic conditions. However, few studies test the applicability of those strategies to forest management. This paper uses a real forest health incident to assess the ability of forest management strategies to affect ecological and economic resilience of the forest. Two landscape scale strategies are compared to business as usual management for their ability to increase resilience to a climate-change induced mountain pine beetle outbreak in the Kamloops Timber Supply Area, British Columbia, Canada for the period 1980 to 2060. Proactive management to reduce high risk species while maintaining or increasing diversity through reforestation was found to be more resilient in terms of the metrics: post-disturbance growing stock, improved volume and stability of timber flow, and net revenue. However, landscape-scale indicators of diversity were little affected by management. Our results were robust to uncertainty in tree growth rates and timber value and show that adapting to climate change through improving the resilience of forested landscapes is an economically viable option.
Introduction
The 5th Assessment of the Intergovernmental Panel on Climate Change, Working Group II [1] identified with high confidence that under climate change there is a "Risk of loss of terrestrial and inland water ecosystems, biodiversity, and the ecosystem goods, functions, and services they provide for livelihoods". Their report indicates that adaptation of our management systems is necessary to reduce impacts on society. The economic value of ecosystem services to society is high; for example, Costanza et al. [2] estimated an annual value in 2011 of 124.8ˆ10 12 2007 US$. Projected changes to forests under a changing climate include increased disturbance by fire, wind, pests and disease, and changes in survival and growth of species [3] [4] [5] . However, uncertainty is high as to where and when problems will develop, the degree of mortality and the magnitude of gains or losses in growth and, therefore, the socio-economic consequences. Parts of the western North America have already experienced biophysical, economic and social impacts as a result of a mountain pine beetle (Dendroctonus ponderosae Hopkins) epidemic [5] triggered mainly by milder winters as the climate warms [6] .
If we expect a continuous flow of ecological goods and services in the future, then strategies to adapt to climate change are an important consideration for current forest management [1, 7, 8] .
One framework to manage under this uncertainty is to increase forests resilience to disturbance [9] [10] [11] [12] [13] . In this study we use the resilience definition: "the capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same function, structure, identity, and feedbacks" [14] . According to resilience theory, systems can respond to disturbances by growing along similar pathways as prior to the disturbance, or by reorganizing into a qualitatively different form. Resilience theory can be applied to socio-ecological systems such as forestry, where ecosystems and landscapes affect, and are affected by management practices and institutions [15] . Rist and Moen [16] describe the value of resilience theory as offering new ways to integrate social, economic and ecological interactions and complexity and thereby improving management's ability to meet the challenges of climate change. One of the ways resilience theory does that is by inherently acknowledging change, disturbance, and uncertainty rather than the constancy and stability of previous forestry paradigms.
Quantifiable resilience indicators for forest management are the subject of a number of recent papers. DeRose and Long [17] provide a thoughtful framework and articulate the challenges of defining measurable indicators that are operationally relevant. They recommend structural and compositional stand and landscape indicators that reflect post-disturbance management goals over a clear time horizon. For example, indicators of resilience to spruce beetle could include surviving large trees (stand) and the potential for future spruce dominance (landscape). Seidl et al. [18] propose using the historical range of variability of two different ecosystem properties to "delineates the past basin of attraction of the system". Together with social acceptance, the historical range of variability of ecosystem properties can be used to determine if altered disturbance rates are likely to exceed socio-ecological resilience. A third approach was taken by Duveneck and Scheller [19] with a resilience index for post-wildfire landscapes based on the recovery rate of species composition and aboveground biomass. A fourth approach was presented by Dymond et al. [20] where a landscape with greater socio-ecological resilience was defined as having higher species diversity (Shannon Diversity Index), post-disturbance green-tree volume (growing stock), post-disturbance harvest rates, annual net revenue, and net present value (NPV), in addition, more resilient landscapes had more consistent harvest rates and annual net revenue. We chose to follow this last approach because, based on our observations, we think these indicators reflect many aspects of the decision making process of forest planners in North America. The species diversity and volume indicators are similar conceptually to the approach of Duveneck and Scheller [19] . The harvest rate, net revenue, and NPV criteria in particular represent the socio-economic values of private companies, jobs in forest-dependent communities, and rent to land-owners. Only the species diversity indicator is as prescriptive for silviculturalists as recommended by DeRose and Long [17] .
Biological diversity is a component of ecosystem resilience where it provides functional redundancy in key ecological processes [21, 22] . Biological diversity can contribute to resilience through a bet-hedging effect (insurance hypothesis): buffering the temporal variability of productivity and increasing productivity over time [23] . A second aspect of resilience is the degree of impact on forest ecosystems due to expected pests, disease, and drought. Changing the species, structural, and age class composition through management is another way to potentially lower the severity of disturbances thereby increasing resilience (e.g., [12, 13, 24, 25] ). Dymond et al. [20] identified the potential benefits of greater tree species diversity in increasing socio-ecological resilience through proactive management of an extensive insect outbreak. Their study identified short-term reductions in annual net revenue as a trade-off for higher diversity, more consistent growing stocks, harvest rates and greater net revenue over time. However, we need to know how successful similar management strategies might be under different forest conditions. Adapting to climate change by increasing species and structural complexity of forests will be strongly influenced by past management activities that have produced the current state of the forest. Templi et al. [26] assessed four management strategies to increase both species and structural diversity and reduce susceptibility to disturbance across two landscapes. The key drivers of the provision of ecosystem goods and services were the current conditions of the forest and the past management activities, the timing of climate change impacts, and the adaptive management strategy.
Other examples of landscape scale forestry studies highlight short term and long term tradeoffs in risk management strategies. Steenberg et al. [27] simulated targeting harvesting towards the species expected to be mal-adapted (decreasing productivity) under a changing climate in eastern Canada. That strategy was effective at converting the forest to well-adapted species and maintaining higher stocks of above-ground biomass compared to other management strategies. However, the harvest rate collapsed after the targeted species had been removed. Schou et al. [28] used a simulation approach to model the forest response and resulting economic values of management strategies to move away from an even aged monoculture forest. Harvesting the over-mature forest provided a significant cash flow up-front and reduced the variability between the long-term strategies. This made the choice among options less clear but providing for some planning flexibility. Cameron [12] identified early thinning and planting additional species as options to adapt Sitka spruce stands to a changing climate in Scotland.
Our study builds on the work of Dymond et al. [20] noted above. We consider the Kamloops Timber Supply Area (TSA) in southern British Columbia, adjacent to their Merritt TSA study area. The Kamloops TSA has higher diversity of tree and site conditions than Merritt TSA and therefore could have different ecological and economic responses to similar management strategies. Our assessment uses the mountain pine beetle (Dendroctonus ponderosae) epidemic in a historical retrospective approach to assess two potential management strategies for increasing resilience relative to business as usual. One alternative management strategy increased the species diversity of the tree seedlings being planted. The second alternative strategy decreased the area occupied by a high risk species through targeted harvest and increased species diversity through reforestation. We evaluated socio-ecological resilience using measures of tree species diversity, post-disturbance growing stock, net present value and revenue flow over the management unit as a whole, for the period 1980 to 2060.
Experimental Section

Study Area
The Kamloops TSA covers 27,700 km 2 ( Figure 1 ) and has terrain that ranges from wet, cool forested mountains to hot, dry grasslands in the valleys. The southern and western portions of the TSA are relatively warm and dry, supporting Douglas-fir (Pseudotsuga menziesii Mirb.) and lodgepole pine (Pinus contorta Dougl.) dominated forests, Ponderosa pine (Pinus ponderosa Dougl.) savannas, and grasslands (Table S1 ). The north-eastern growing conditions are wetter, providing habitat for western redcedar (Thuja plicata Don.) and western hemlock (Tsuga heterophylla Raf.) in valley bottoms and mixed interior spruce (Picea engelmannii Parry x Englem. x glauca (Moench) Voss) and subalpine fir (Abies lasiocarpa (Hook.) Nutt.) at higher elevations [29] . Forty-five percent of the area is in the timber harvesting land base (THLB) (61% of the forest and woodland) and remainder is in parks, inoperable areas, grassland, farmland and residential (Table S2) .
Over the last 60 years, average annual temperatures in the study area have increased by about 1˝C [30] . Temperatures are projected to increase by a further 3 to 6˝C over the next 60 years [5, 30] . July and August are projected to have up to 10% reduction in precipitation and up to 10% increase in the rest of the year. Changes in extreme conditions will likely also occur, in particular, dry periods during the summer will likely become more intense [31] . These changes will likely increase the risk of weather-related forest disturbance by pests and fire [32] and changes in tree survival and growth [33] .
The recent mountain pine beetle epidemic started in the study area in 2000. By 2012 the beetle had killed about half of the pine volume (Table S2 ). In 2004, as a response to the beetle epidemic, the Government increased the annual allowable cut (maximum harvest rate) from 2.68 to 4.35 million (M) m 3¨y ear´1. The timber supply in the study area is forecast to decline by 54% by 2016 and this decrease
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Modelling
The modelling methodology is documented by Dymond et al. [20] . We conducted a historical retrospective approach starting in 1980 when reliable data on growing stock, harvest volumes by species and replanting area by species became available. We ran the simulation until 2060 to allow trees regenerated in the first few decades to become merchantable (rotation ages in the study area range from 60 years for lodgepole pine on good sites to 110 years for mixed interior spruce on poor sites, Table S2 ). The methodology was kept similar to those used for harvest scheduling while maintaining other values such as wildlife habitat and biodiversity. It is also useful to help bridge the cultural divide between ecological theorists and forest managers because it provides a methodology and results in a format that both groups can understand and discuss.
Briefly, the Critical Analysis by Simulation of Harvesting, version 6.21 (CASH6) [34] is a deterministic timber supply model with the resolution of forest inventory polygons. The forest inventory for the study area contained 386,163 polygons with an average size of 4.4 ha. The spatial model uses the inventory, growth and yield data, and regeneration assumptions to grow the forest over time [34] . It allows the user to impose various harvesting and silviculture strategies and apply constraints such as a minimum area as old growth forest. 
Briefly, the Critical Analysis by Simulation of Harvesting, version 6.21 (CASH6) [34] is a deterministic timber supply model with the resolution of forest inventory polygons. The forest inventory for the study area contained 386,163 polygons with an average size of 4.4 ha. The spatial model uses the inventory, growth and yield data, and regeneration assumptions to grow the forest over time [34] . It allows the user to impose various harvesting and silviculture strategies and apply constraints such as a minimum area as old growth forest. We evaluated different management strategies relative to "business as usual" (BAU) ( Table 1 and Figure 2 ). The BAU strategy was defined from current and historical records specific to the study area (see Table S2 for data sources). We developed the alternative strategies to increase the diversity of tree species and reduce the area of high risk species (lodgepole pine) before the beetle epidemic in 2000-2020, and to increase the resilience of regenerated stands and logging revenue in the middle of the 21st century. In the mixed planting (MP) strategy, we increased the diversity (both richness and evenness) of reforestation activities compared to BAU (Table 1 and Figure 2 ). The early pine cut, mixed planting, increased natural regeneration (EMR) strategy, increased the harvesting of pine earlier than business as usual and increased the diversity in reforestation. The increase in pine harvesting resulted in reduced harvesting of other species for EMR so as to maintain the same as or We evaluated different management strategies relative to "business as usual" (BAU) ( Table 1 and Figure 2 ). The BAU strategy was defined from current and historical records specific to the study area (see Table S2 for data sources). We developed the alternative strategies to increase the diversity of tree species and reduce the area of high risk species (lodgepole pine) before the beetle epidemic in 2000-2020, and to increase the resilience of regenerated stands and logging revenue in the middle of the 21st century. In the mixed planting (MP) strategy, we increased the diversity (both richness and evenness) of reforestation activities compared to BAU (Table 1 and Figure 2 ). The early pine cut, mixed planting, increased natural regeneration (EMR) strategy, increased the harvesting of pine earlier than business as usual and increased the diversity in reforestation. The increase in pine harvesting resulted in reduced harvesting of other species for EMR so as to maintain the same as or lower than the historic volume of timber harvested under BAU. All strategies were compatible with forest management regulations and standards in British Columbia. The proportion of the harvest as lodgepole pine was either based on the historical records in the case of the BAU and MP strategies, or the availability of mature lodgepole pine on the landscape (the EMR strategy). For future decades, we determined the maximum, stable harvest rate that could be achieved within the regulated constraints.
The species mix for more diverse regeneration was site-dependent based on the growth strata (Table 1 and Figure 2 ). We used 81 different growth strata based on their climatic conditions, soil type, current species and site index. Assumptions about the exact species composition and density of seedlings, and therefore yield curves, depended on the growth strata. We only planted native species that are allowed under legislation. 
Mixed planting (MP)
‚ Same as BAU.
‚ Primarily planted (81%) ‚ Diversity of species being planted increased at stand scale. ‚ 23% of the area regenerated as lodgepole pine, ‚ 9 species regenerated. lower than the historic volume of timber harvested under BAU. All strategies were compatible with forest management regulations and standards in British Columbia. The proportion of the harvest as lodgepole pine was either based on the historical records in the case of the BAU and MP strategies, or the availability of mature lodgepole pine on the landscape (the EMR strategy). For future decades, we determined the maximum, stable harvest rate that could be achieved within the regulated constraints.
Early pine cut, mixed planting, increased natural regeneration, (EMR)
The species mix for more diverse regeneration was site-dependent based on the growth strata (Table 1 and Figure 2) . We used 81 different growth strata based on their climatic conditions, soil type, current species and site index. Assumptions about the exact species composition and density of seedlings, and therefore yield curves, depended on the growth strata. We only planted native species that are allowed under legislation. The MP and EMR strategies included the planting of western larch although it historically has not occurred in the study area. This extension of the range of larch is consistent with recommendations for climate change adaptation in Rehfeldt and Jacquish [35] . Using mixed planting in reforestation also provided the means to maintain higher valued species for future benefit. Western redcedar was included in regeneration for MP and EMR because of its economic value (218% of the value of a pine log) and importance for cultural reasons.
The CASH6 model provided a discounted cash flow assessment (NPV) of the harvesting and replanting strategies by including costs of operational actions such as cycle time and silviculture method over the 80-year simulation. For detailed methods see Dymond et al. [20] . Our economic analysis is at the landscape level and occurs within an actively managed forest similar to the approach taken by Shou et al. [28] . Canadian dollars used throughout unless otherwise noted.
The appropriate discount rate depends on ones' expectation of risk, the attractiveness of the investment over the long term and social values [36] . A review of the literature on forestry investment analyses indicates discount rates from 1% to 9.75%, with a higher discount rate used when evaluating projects associated with high uncertainty [37] . The analysis is based on an 80 year time horizon; subsequently, discount rates of 1%, 3% and 5% are used to allow a comparison of net present values over time. These discount rates reflect a longer term, intergenerational consideration of the time value of money [38] . The use of lower rates also reflect the likely contribution of a more diverse forest to public good and other non-timber values not quantified within the analysis.
The uncertainty in the growth and yield data and in future timber value was assessed with a sensitivity analysis based on the impact of changes in Douglas-fir productivity and log prices on the THLB area and the harvest rates for BAU and EMR strategies.
Resilience Indicators
We used three indicators of diversity: species richness, the Shannon Diversity Index and the Berger-Parker Dominance Index. Species richness is simply the number of tree species listed in the forest inventory or model output. The Shannon Diversity index is a combined indicator which integrates the number of species and the relative abundance [39] . The Berger-Parker Dominance index is the volume of the most common species divided by the total volume and therefore reflects any lack of evenness of abundance among species. Our estimates of tree species richness are low compared to British Columbia as a whole (49 tree species, [40] ) because we are focusing on commercial species. Therefore this study does not apply to the assessment or conservation of rare species or biodiversity overall.
The resilience indicators of post-disturbance growing stock and post-disturbance harvest rates flowed directly out of the CASH6 model projections. One assumption that greatly influenced the future harvest was that all future decades were required to have the same rate of harvest. This is a common assumption in harvest modelling, although it is not universal. Growing stock is defined as standing green trees with merchantable volume (operable volume above minimum harvest age by species).
Both annual net revenue and NPV over the simulation period were produced through the CASH6 model. They incorporate logging and hauling costs to the mill, reforestation costs, and log price at the mill. For more detail see Dymond et al. [20] .
Results
Species Composition, Growing Stock and Harvest Rates
The 1980 growing stock for the study area was 148.6 Mm 3 with lodgepole pine as the dominant species (Figure 3a) . By 2000, EMR had substantially lowered the amount of high risk lodgepole pine on the landscape and changed the leading species to Douglas-fir (Figure 3b) . By 2060 the amount of lodgepole pine in the MP landscape had been lowered to about the same level as in EMR (Figure 3c ). In both alternative strategies, Douglas-fir became the leading species, although not reaching the degree of dominance of lodgepole pine had in 1980.
In the 2000-2009 decade of BAU, the harvest rate surged by 84% above the previous decade (Figure 4a ). This surge was in response to the beetle threat and salvaging dead trees (see Section 2.1). The harvest in MP followed the same pattern. However, the substantial reduction in pine by 2000 in EMR lowered the risk from the beetle to where a surge in harvest was no longer required. The harvest flow after 2010 was highest (1.82 Mm 3¨y ear´1) in EMR, indicating higher resilience for this metric. Under BAU, harvestable western redcedar was depleted by 2060 because it was not being regenerated. On the EMR and MP landscapes western redcedar was available for the 2050-2060 harvest ( Figure 3 and Figure S1 ). (Figure 3a) . By 2000, EMR had substantially lowered the amount of high risk lodgepole pine on the landscape and changed the leading species to Douglas-fir (Figure 3b) . By 2060 the amount of lodgepole pine in the MP landscape had been lowered to about the same level as in EMR (Figure 3c ). In both alternative strategies, Douglas-fir became the leading species, although not reaching the degree of dominance of lodgepole pine had in 1980.
In the 2000-2009 decade of BAU, the harvest rate surged by 84% above the previous decade (Figure 4a ). This surge was in response to the beetle threat and salvaging dead trees (see Section 2.1). The harvest in MP followed the same pattern. However, the substantial reduction in pine by 2000 in EMR lowered the risk from the beetle to where a surge in harvest was no longer required. The harvest flow after 2010 was highest (1.82 Mm 3 ·year −1 ) in EMR, indicating higher resilience for this metric. Under BAU, harvestable western redcedar was depleted by 2060 because it was not being regenerated. On the EMR and MP landscapes western redcedar was available for the 2050-2060 harvest (Figure 3 and Figure S1 ). 
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Forests 2015, 6, page-page 8 and increased natural regeneration (EMR) strategies. At = trembling aspen, Bl = subalpine fir, Cw = western redcedar, Ep = paper birch, Fd = Douglas-fir, Hw = western hemlock, Lw = western larch, Pl=lodgepole pine, Pw = white pine, Py = Ponderosa pine, Se = Engelmann spruce, Sx = Engelmann X white spruce. Decid = deciduous species (At, Ep).
The growing stock varied substantially between strategies with the EMR landscape being about 28 Mm 3 higher than BAU and MP by 2010, indicating greater resilience (Figure 4b) . From 2020-2060 the growing stock for BAU increased more quickly than EMR in large part because the BAU landscape could only sustain a lower harvest rate. Because of the availability of more second growth stands later in the simulation, the EMR strategy reduced the demand on harvesting primary forests such that by 2060 the EMR landscape had 14%-19% more old-growth than the MP or BAU landscapes ( Figure S2 ). 
Diversity
Tree species diversity did not vary substantially between strategies, indicating no change due to management in this resilience metric. The species richness increased from nine under BAU to ten in both alternative strategies through the simulated planting of western larch. The Shannon Diversity Index on the THLB started at 1.68 in 1980, and by 2060 it had dropped to 1.57 under BAU, increased to 1.73 for the MP landscape and 1.70 for EMR ( Figure 5 ).The Berger-Parker Dominance index was 0.33 in 1980 and remained fairly consistent between management strategies at 0.32 for BAU and 0.36 for MP and EMR at the end of the simulations in 2060 (data not shown). Management activities affected 0.3% to 1.5% of the THLB area annually (72%-82% over 80 years).
both alternative strategies through the simulated planting of western larch. The Shannon Diversity Index on the THLB started at 1.68 in 1980, and by 2060 it had dropped to 1.57 under BAU, increased to 1.73 for the MP landscape and 1.70 for EMR ( Figure 5 ).The Berger-Parker Dominance index was 0.33 in 1980 and remained fairly consistent between management strategies at 0.32 for BAU and 0.36 for MP and EMR at the end of the simulations in 2060 (data not shown). Management activities affected 0.3% to 1.5% of the THLB area annually (72%-82% over 80 years). 
Net Present Value, Revenues and Costs
The EMR strategy produced the highest harvest rates and total net present values over the simulation period, indicating higher resilience from these metrics ( Table 2) . Under a 3% discount rate, EMR outperformed the BAU by 9% while MP had a 1% higher NPV than BAU. However, higher discount rates led to far less differentiation among the strategies. The effect of the discount rate among the strategies indicates some underlying differences in the timing of cost and revenue flows. Most of the higher annual net revenue for EMR began to accrue after 2010 and not until the final two decades under MP ( Figure 6 ). The lower revenue in the first decade under EMR was due to the shift in harvesting towards lower value pine and away from higher value Douglas-fir ( Figure S2 ). In the third decade, the lack of the surge in harvest resulted lower revenues for EMR. Consequently, from 1980-2009, EMR underperformed BAU by 11% under a 3% discount rate ( Figure 6 ). However, EMR led the other strategies by 2010-2019 and outperformed BAU Figure 5 . Shannon Diversity Index for commercial tree species on the timber harvesting land base for the business as usual (BAU), mixed planting (MP) and the early pine cut, mixed planting, and increased natural regeneration (EMR) strategies. Note: y-axis starts at 1.0.
The EMR strategy produced the highest harvest rates and total net present values over the simulation period, indicating higher resilience from these metrics ( Table 2) . Under a 3% discount rate, EMR outperformed the BAU by 9% while MP had a 1% higher NPV than BAU. However, higher discount rates led to far less differentiation among the strategies. The effect of the discount rate among the strategies indicates some underlying differences in the timing of cost and revenue flows. Most of the higher annual net revenue for EMR began to accrue after 2010 and not until the final two decades under MP ( Figure 6 ). The lower revenue in the first decade under EMR was due to the shift in harvesting towards lower value pine and away from higher value Douglas-fir ( Figure S2 ). In the third decade, the lack of the surge in harvest resulted lower revenues for EMR. Consequently, from 1980-2009, EMR underperformed BAU by 11% under a 3% discount rate ( Figure 6 ). However, EMR led the other strategies by 2010-2019 and outperformed BAU by 18% over the post-disturbance period, indicating a higher resilience. The EMR strategy was able to maintain a more consistent and less variable harvest level, resulting in a more stable revenue stream over the full period, again indicating greater resilience. The MP strategy had similar annual net revenue to BAU except in the last two decades where the availability of higher valued Douglas-fir and western redcedar led to higher revenues.
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Forests 2015, 6, [4421] [4422] [4423] [4424] [4425] [4426] [4427] [4428] [4429] [4430] [4431] [4432] [4433] [4434] [4435] [4436] [4437] [4438] Forests 2015, 6, page-page 10 by 18% over the post-disturbance period, indicating a higher resilience. The EMR strategy was able to maintain a more consistent and less variable harvest level, resulting in a more stable revenue stream over the full period, again indicating greater resilience. The MP strategy had similar annual net revenue to BAU except in the last two decades where the availability of higher valued Douglasfir and western redcedar led to higher revenues. Because of the dramatic differences in harvest rates between strategies, it is informative to also consider the return per unit of wood. In terms of average revenue per cubic metre, EMR was superior under a 0% to 3% discount rate, but was slightly lower than BAU and MP under a 5% discount rate ( Table 3) . As with total net revenue, there were temporal trade-offs in terms of the annual flow of net revenues per cubic metre: EMR provided lower per cubic metre returns in the first decade, but higher returns from 1990 onwards (Figure 7) . From 1980 to 1989, the net revenue of BAU exceeded EMR by $2.37 per cubic metre, but by the 1990-1999 decade EMR revenue exceeded BAU and MP as harvesting shifted to pine in these strategies. A higher discount rate did not affect the initial decade, but reduced the later term differences among strategies. In each case, it was the shift to lower valued pine that resulted in lower revenues. However, the price of pine could change under a directed shift in supply, which could alter these initial revenue differences. Because of the dramatic differences in harvest rates between strategies, it is informative to also consider the return per unit of wood. In terms of average revenue per cubic metre, EMR was superior under a 0% to 3% discount rate, but was slightly lower than BAU and MP under a 5% discount rate ( Table 3) . As with total net revenue, there were temporal trade-offs in terms of the annual flow of net revenues per cubic metre: EMR provided lower per cubic metre returns in the first decade, but higher returns from 1990 onwards (Figure 7) . From 1980 to 1989, the net revenue of BAU exceeded EMR by $2.37 per cubic metre, but by the 1990-1999 decade EMR revenue exceeded BAU and MP as harvesting shifted to pine in these strategies. A higher discount rate did not affect the initial decade, but reduced the later term differences among strategies. In each case, it was the shift to lower valued pine that resulted in lower revenues. However, the price of pine could change under a directed shift in supply, which could alter these initial revenue differences. The near-term differences among strategies were even more pronounced in costs than in net revenue, but in this case favour EMR (Table 4 ). For the initial two decades, EMR costs were $3.40 to $5.30 per cubic metre lower than BAU, a difference of 8%-12%. The EMR costs remained close to or less than BAU and MP cost for the remainder of the simulation. Lower costs were the result of the access to higher volume pine stands during the first two decades and lower silviculture costs as a result of the fewer number of hectares required to maintain the harvest volume ( Figure S3 ). The near-term differences among strategies were even more pronounced in costs than in net revenue, but in this case favour EMR (Table 4 ). For the initial two decades, EMR costs were $3.40 to $5.30 per cubic metre lower than BAU, a difference of 8%-12%. The EMR costs remained close to or less than BAU and MP cost for the remainder of the simulation. Lower costs were the result of the access to higher volume pine stands during the first two decades and lower silviculture costs as a result of the fewer number of hectares required to maintain the harvest volume ( Figure S3 ). 
Uncertainty Assessment
We tested the sensitivity of the results to potential uncertainty of Douglas-fir productivity. The EMR strategy was more sensitive in both harvest rate and NPV than BAU (Table 5 ) though it still maintained higher values than BAU. The largest change was an 8.3% decline in harvest rate when Douglas-fir productivity was reduced by 20%. 
We tested the sensitivity of the results to potential uncertainty of Douglas-fir productivity. The EMR strategy was more sensitive in both harvest rate and NPV than BAU (Table 5 ) though it still maintained higher values than BAU. The largest change was an 8.3% decline in harvest rate when Douglas-fir productivity was reduced by 20%. species diversity for the 1990-2009 decades, but only by a minor amount and was similar to the MP landscape for most of the simulation. Removing the high risk species alone will not necessarily increase resilience. For example, a similar study assessing management options in mitigating the risk of mountain pine beetle found that increasing the harvesting rate and targeting pine did not appreciably change the landscape composition over 20 or 70 years because the stands were replanted with the same species as were harvested [41] .
Differences in species composition, climate, site conditions and productivity will require different adaptation strategies. Therefore, it is useful to compare the results of our analysis with those for the neighbouring Merritt TSA [20] . In both studies, the EMR strategies resulted in the greatest ecological resilience (growing stock), highest post-disturbance harvest rates and NPV over the 80 years. Also, the MP and EMR strategies resulted in more old growth by the end of the simulation. The biggest difference between the two studies was that in our study, the EMR landscape did not require a surge in harvest rates in response to the threat from mountain pine beetle. Furthermore, in Merritt TSA management activities substantially reduce the diversity under BAU, and increase it in the MP and EMR strategies, whereas in the current study the diversity indices changed by more modest amounts. Another difference was that the MP strategy in our study was economically viable whereas in the Merritt TSA it was not. These three differences in results are due to differences in the starting conditions of the landscapes, the growing conditions within each landscape, and the BAU approach to silviculture as defined by local forest managers. In the 1980 inventory, the Merritt TSA was overwhelmingly dominated by lodgepole pine and had low tree species diversity compared to our study area. The growing conditions across most of the Merritt TSA landscape are compatible with lodgepole pine and it tends to have higher growth rates than the other tree species. Therefore, BAU forest management has a high proportion of lodgepole pine being planted. The growing conditions in our study area are more variable than in the Merritt TSA, and species other than pine may have similar or higher growth rates. Therefore BAU regeneration in our study area had a better evenness among species being planted than in Merritt TSA. Despite this, both studies show the benefits of strategies designed to increase diversity.
The comparison between Merritt and Kamloops TSA results also provide insight into the more general applicability of these study results to temperate and boreal forest adaptive management. Where diversity is currently low, the management strategies were more successful in increasing that diversity and therefore resilience to disturbance. This result is consistent with modelling in the boreal-temperate forests where there was a positive relationship between resistance and diversity within the low diversity areas [19] .
The EMR strategy was clearly the best in terms of NPV over the 80 year simulation and had the lowest per cubic meter costs initially. These results were a surprise since there was no surge in harvesting in 2000-2009, and typically, diversification strategies have poorer economic outcomes [42] . However, there were near term opportunity costs associated with achieving these longer term outcomes. The EMR strategy produced lower net revenues in the first decade, though there were lower per cubic metre costs as well.
While the ability to reduce costs may be an incentive for forestry companies in North America or Europe to initiate or participate in a program of climate change adaptation, there is a need for them to have a reasonable return on investment in the near term. In contrast, the public who value the state-owned forests as natural capital for both current and future generations may wish to take a much longer term view and assume a lower discount rate [36] . Consequently, policy makers and stakeholders need to weigh the potential for lost output within a context of higher risk of future infestations or other natural disaster associated with climate change. The sensitivity analysis indicates that the results of our analysis are robust to changes in productivity and log prices.
The economic analysis assumed that log quality and uses are undifferentiated and any change in species mix would not affect the structure of the manufacturing sector, which had a greater level of veneer and plywood production in the 1980s than today in the Kamloops TSA. Any costs associated with shifting production away from veneer into lumber are not factored into this analysis, nor is the market's ability to absorb a greater volume of lumber or resulting price changes. This change in the supply characteristics could affect the pricing regime, placing less emphasis, thus value, on the logs most suited for veneer or other higher valued products. A change in the price of pine vis-à-vis other species would affect the outcome of our economic analysis, but would still retain the benefit of lower risk.
Under the EMR and MP strategies, the future amount of high risk pine decreased, and the amount of Douglas-fir increased (Figure 3) . Although it never reaches the degree of dominance that pine had in 1980, this and the limited increase in diversity led us to consider the potential risks to Douglas-fir from pests and climate change maladaptation.
The forest health agent that historically causes damage to Douglas-fir in B.C. is the western spruce budworm (WSB) Choristoneura occidentalis [43] . Unlike mountain pine beetle, which kills trees within a single year, WSB is a defoliator and multiple years or chronic defoliation is generally required to cause mortality. That type of repeated defoliation occurs within some of the hottest and driest sites within the study area (see Table S1 , Interior Douglas Fir Zone) and can cause 4% to 17% mortality of Douglas-fir over 10 years [44] . Within this climate zone, smaller Douglas-fir trees within multistoried stands are the most susceptible to WSB (7% to 24% mortality over 10 years). These multi-story stands can be created through partial harvesting followed by natural regeneration. In our study, 18% of the area was modelled with natural regeneration of Douglas-fir in the high hazard sites in all three management strategies. Therefore, the alternative management strategies did not increase the amount of multi-story Douglas-fir stands on the landscape. However, the total volume of Douglas-fir on hot, dry sites in 2060 was lower in the BAU landscape (14 Mm 3 ) compared to the MP and EMR landscapes (15 Mm 3 ). Recall that the total growing stock also differed between strategies. As a proportion of total volume in 2060, the amount of Douglas-fir on hot, dry sites varied from 11% under BAU to 12.5% under MP and EMR. That difference is likely well within the uncertainty of this projection. Nonetheless, whether these trade-offs in forest health risks are acceptable will depend on the stakeholders.
Climate change also poses a risk to Douglas-fir productivity. Although growth rates may increase on sites that are not moisture limited, the hot, dry sites most susceptible to WSB are also those where Douglas-fir growth is already moisture limited [33] . Climatic moisture deficits for these areas calculated using the ClimateWNA spatial software [45] are projected to increase by 5% to 30% by the mid-century in response to warming and decrease in summer precipitation. This will increase drought stress, increase susceptibility to disease and reduce productivity for Douglas-fir, and many other species [5] . Adaptive strategies to maintain resilience will require the planting of provenances with greater drought tolerance, particularly where alternate species may not be available [46] .
Invasive species and climate change may bring novel pathogens into managed forest ecosystems [47, 48] . Our study has focused on known threats, but new agents could negate any potential resilience gain from a shift in management. The theoretical way to reduce the risks from unknown pathogens is to increase diversification as described in the insurance hypothesis [23] . This is one of the reasons why our management strategies were designed to increase diversity, rather than solely removing pine. Future research could incorporate a range of expected and unexpected pathogens in assessing management implications. Furthermore, monitoring of forest health will need to be sensitive to damage from novel pathogens. As our Kamloops TSA results showed, a tailored management strategy can reduce the damage of a forest health agent while increasing ecological goods and services and the stability of timber revenue. However, there are multiple objectives in forest policy in North America including retaining old-growth forests to protect habitat, biodiversity, and aesthetic values. For example, in the Kamloops TSA, old growth forests help support three herds of woodland caribou as well as 51 other species of special concern under the Species at Risk Act [49] . By maintaining a larger growing stock, our results indicate that pro-active policies intended to increase forest resilience and reduce forest health damage could also support species at risk.
In addition to local socio-economic impacts, changes caused from the beetle outbreak and subsequent forest management response may have a global effect. The tree mortality impact of the beetle and surge in harvesting led to increased carbon emissions and decreased sinks resulting in affected forests becoming net emitters of carbon to the atmosphere [50] . Reduction in carbon sinks due to a variety of pathogens have been documented around the world (e.g., [51] ). Further impacts of climate change may prolong that condition, delaying the forests returning to being a net sink (e.g., [52] ). However, if natural resource managers implement strategies that increase resilience and reduce the impact of future forest health outbreaks we could help maintain forest carbon stocks and mitigate climate change through adaptation.
Conclusions
A changing climate with associated changes in tree survival, growth and disturbance is increasing the uncertainty of the future timber supply and other ecological goods and services we obtain from forests. Increasing resilience is one of the potential strategies to deal with these uncertainties. In light of a mountain pine beetle epidemic caused in part by climate change, we have assessed our ability to reduce this uncertainty through strategies that support proactive reductions of high risk species while maintaining or increasing tree species diversity. Our indicators of resilience were tree species diversity, post-disturbance growing stock, harvest rate level and stability, NPV, and net revenues. Our first conclusion was that management actions that impacted 0.5% to 1.5% of the area annually were able to increase the resilience of the landscape in a timely way only if changes to both harvesting and regeneration strategies were employed. Second, that improvements in growing stock and socio-economic resilience indicators were not correlated with diversity indicators. Third, we determined that although ecologically and economically viable, achieving this resilience has some upfront cost and any implementation will depend on the level of risk and discount rate acceptable to all forestry stakeholders. Consequently, policies must be designed to meet the conditions of the particular management unit, i.e., climate, ecosystems and socio-economic environment. Learning and adapting our management to new information will be critical as we proceed through a changing climate.
